Final results are presented from the inclusive measurement of deep-inelastic polarised-muon scattering on longitudinally polarised deuterons using a 6 LiD target. The data were taken at 160 GeV beam energy and the results are shown for the kinematic range 1 (GeV/c) 2 < Q 2 < 100 (GeV/c) 2 in photon virtuality, 0.004 < x < 0. values of COMPASS are used to again evaluate the Bjorken sum rule and perform the QCD fit to the g 1 world data at next-to-leading order of the strong coupling constant. In both cases, changes in central values of the resulting numbers are well within statistical uncertainties. The flavour-singlet axial charge a 0 , which is identified in the MS renormalisation scheme with the total contribution of quark helicities to the nucleon spin, is extracted from only the COMPASS deuteron data with negligible extrapolation uncertainty: a 0 (Q 2 = 3 (GeV/c) 2 ) = 0.32 ± 0.02 stat ± 0.04 syst ± 0.05 evol . Together with the recent results on the proton spin structure function g p 1 , the results on g d 1 constitute the COMPASS legacy on the measurements of g 1 through inclusive spin-dependent deep inelastic scattering.
Introduction
About a quarter-century ago, measurements of the spin-dependent structure function g p 1 by EMC [1] at the CERN SPS muon beam line led to the very surprising result that, within large experimental uncertainties, the quark spin contribution to the nucleon spin of 1/2 might be very small or even vanishing. This observation initiated enormous experimental and theoretical activities aimed at studying the spin structure of the nucleon. In subsequent measurements by SMC [2] , the same beam line and an upgraded apparatus were used to confirm with better precision that only about one third of the spin of the nucleon is made up by quark spins. This is supported by recent lattice QCD simulations [3] .
In the last two decades, several new experiments were set up at various laboratories to study the longitudinal spin structure of the nucleon in even more detail, as COMPASS at CERN using again the same muon beam line at energies 160 GeV and 200 GeV, HERMES at DESY using the 27.5 GeV electron beam of HERA, many experiments at the 6 GeV electron beam of Jefferson Laboratory, as well as PHENIX and STAR at the proton-proton collider RHIC with a center of mass energy of 270 GeV. Except of the two latter ones, all other experiments studied the longitudinal spin structure of the nucleon by inclusive measurements of spin-dependent deep-inelastic lepton-nucleon scattering (DIS) using longitudinally polarised beams and targets, in particular by measuring double-spin cross-section asymmetries. More details can be found in recent reviews, see e.g. Ref. 4 .
The measured value of the parton helicity contribution to the proton spin is very sensitive to the minimal experimental accessible value of the Bjorken-x variable. Therefore measurements at low x are crucial to understand the spin structure of the nucleon. According to theoretical expectations, new contributions to the DGLAP QCD evolution, e.g. double logarithmic terms [5] , may be important in this region. Perturbative QCD is considered to be applicable for values of Q 2 as low as 1 (GeV/c) 2 . At COMPASS, using a 160 GeV muon beam, this corresponds to a minimal value of x equal to 0.0045. Moreover, the combined data set analysed in this work extends to high Q 2 values that were formerly only reached by SMC, thereby improving considerably the statistical accuracy. Together with the results on the proton spin structure function g p 1 [7, 8] , the results for g d 1 constitute the COMPASS legacy on the measurements of g 1 through inclusive DIS.
The Letter is organised as follows. Experimental set-up and data analysis are described in Sect. 2. The physics context of the analysis and details on the calculation of asymmetries are given in Sect. 3. In Sect. 4, the results are presented and interpreted. Summary and conclusions are given in Sect. 5.
Experimental set-up and data analysis
The COMPASS spectrometer used in 2002-2004 and the upgrades of the polarised target solenoid and the RICH detector performed in 2005 are described in detail in Ref. 9 . In 2006 the target material was 6 LiD contained in three cells instead of two. They were located along the beam one after the other and had a diameter of 3 cm. The two outermost cells had a length of 30 cm and the central cell was 60 cm long. The deuteron polarisation in 6 LiD was P T ≈ 0.52, and the direction of the target polarisation in the outer cells was opposite to that of the central one. The polarisation direction was inverted on a regular basis by rotating the direction of the target solenoid magnetic field. Once during the data taking, the direction of the polarisation with respect to the solenoid field was inverted by repolarisation in opposite directions keeping the solenoid field unchanged. The tertiary M2 beam of the CERN SPS delivered a naturally polarised muon beam with a polarisation of P B ≈ 0.8. The nominal momentum was 160 GeV/c with a spread of 5%. Momentum and trajectory of each beam particle were measured by sets of scintillator hodoscopes, scintillating fibre and silicon detectors. The particles produced in an interaction were detected in a two-stage open forward spectrometer with large momentum and angular acceptance. Each stage contained a dipole magnet complemented with various tracking detectors (scintillating fibre detectors, micropattern gaseous detectors, multiwire proportional chambers, drift chambers, straw detectors), as well as hadron and electromagnetic calorimeters. In the first stage, a RICH detector was used for hadron identification. Scattered muons were detected by drift tube planes and multiwire proportional chambers located behind iron and concrete absorbers. Two types of triggers were used in this analysis. The "inclusive" trigger was based on a signal from a combination of hodoscope signals from the scattered muon. The "semi-inclusive" triggers required an energy deposition in one of the calorimeters with an optional coincidence with the inclusive trigger.
Events with a reconstructed interaction point in one of the three target cells are selected requiring at least a reconstructed incoming muon and a scattered muon. The measured momentum of the incident muon has to be in the range 140 GeV/c < p B < 180 GeV/c, and the extrapolated beam track has to cross all target cells to equalise the flux through them. The amount of unpolarised material surrounding the polarised material is minimised by a radial cut on the vertex position of r < 1.4 cm. The scattered muon is identified by requiring that it has passed more than 30 radiation lengths and points to the hodoscope that triggered the event. In addition, kinematic constraints on the scattering process are applied. A photon virtuality of Q 2 > 1 (GeV/c) 2 is required and the relative virtual-photon energy has to be in the range 0.1 < y < 0.9. Here, the lower limit removes events that are difficult to reconstruct, and the upper limit removes events, the kinematics of which are dominated by radiative effects. These selection criteria lead to the kinematic range 0.004 < x < 0.7 and to a minimal mass of the hadronic final state of W > 4 GeV/c 2 . The final sample consists of 46 million events.
Asymmetry calculation
The longitudinal double-spin asymmetry for one-photon exchange in inclusive DIS on the deuteron, µd → µ X, is defined, as function of x and Q 2 , as
with σ T J being the γ * -deuteron absorption cross section for total spin projection J in the direction of the virtual photon γ * and σ T = (σ T 0 + σ T 1 + σ T 2 )/3 the deuteron photoabsorption cross section for transverse virtual photons. This asymmetry can be derived from the asymmetry between the cross sections for parallel and antiparallel oriented longitudinal spins of beam particle and target nucleon, where also the contribution from the transverse spin asymmetry A d 2 has to be taken into account 1
1 While for a spin-1/2 target the first equality in Eq. (2) is strict, for a spin-1 target there is an extra contribution in the denominator of the asymmetry
, which is connected to the structure function b 1 . This function is expected to be small [10] , as also confirmed by a measurement [11] , and hence neglected here.
Here, the factors
and
depend only on the kinematics of the process, with γ = 2Mx/ Q 2 ; m and M denote the mass of the muon and the nucleon, respectively. The factor R in the depolarisation factor D represents the ratio of the cross sections for the absorption of a longitudinally and a transversely polarised photon by a nucleon. In COMPASS kinematics, the factor η and the asymmetry A 2 are both small, and hence the contribution ηA 2 is neglected in the calculation of A 1 and g 1 .
For the calculation of the asymmetry, the number of events in each target cell for both polarisation directions can be expressed as
Here, a i is the acceptance, φ i the incoming flux, n i the number of target nucleons, σ the spin-averaged cross section and f the dilution factor. There are four equations describing the two solenoid field directions (1,2) for the combined outer cells (o) and the central cell (c). They are combined into one second-order equation in A 1 for the ratio (N o1 N c2 )/(N o2 N c1 ), where acceptance and flux cancel. The asymmetry is calculated for periods of stable data taking, which are combined using the weighted mean. In order to minimise the statistical uncertainty, in the asymmetry calculation each event is used with a weight factor
Systematic uncertainties are calculated taking into account multiplicative and additive contributions. The multiplicative contribution ∆A mult 1 comprises the uncertainties on beam and target polarisations and the uncertainties on depolarisation and dilution factors. The size of each of these contributions is shown in Table 1 . It also shows the additive contributions from i) possible false asymmetries, ii) the neglect of the transverse asymmetry A 2 and iii) the uncertainty on spin-dependent radiative corrections. False asymmetries are investigated using two methods. In one method, possible false asymmetries are studied by calculating the asymmetry between cells with the same polarisation direction, i.e. between both outermost target cells and for the two halves of the central cell. Both asymmetries are found to be consistent with zero. In the other method, "pulls" [12] are used to check for time-dependent effects. Here, the asymmetry is calculated for each subsample and compared to the final asymmetry. No significant broadening is observed in these distributions. The statistical limitation of this method leads to an uncertainty between 38% and 75% of the statistical uncertainty, which represents the largest additive contribution. 
Results
The double-spin asymmetry A d 1 and the spin-dependent structure function g d 1 are calculated in bins of x and Q 2 . In Figure 1 , the results in bins of x obtained from the 2006 data set are compared to the results from the 2002-2004 data [6] , which demonstrates the good agreement between both data sets (the χ 2 probability is 63%). The 2006 data increase the statistics of the 2002-2004 data by approximately 50%. The results from both data sets are combined using the weighted mean. In Fig. 2 , the combined COMPASS results on A d 1 are compared to the world data on A d 1 at the measured values of Q 2 . All data sets agree well with one another. The data confirm the well-known weak Q 2 dependence of the asymmetry. This is also illustrated in Fig. 3 The spin-dependent structure function g d 1 is calculated from the asymmetry A d 1 using
The parametrisation of the unpolarised structure function F d 2 is taken from Ref. 2 and the parametrisation of the ratio R is taken from Ref. 17 . The x dependence of the structure function is shown in Fig. 4 together with the results from SMC [2] that were obtained at a higher beam energy of 190 GeV. In the figure, the two COMPASS data points at lowest x are obtained as averages from the four lowest x bins used in this analysis. The systematic uncertainties are shown by bands at the bottom. The COMPASS data do not support large negative values of the structure function at low x, an indication of which may be seen in the SMC data. Instead, g d 1 is compatible with zero for x decreasing towards the lower limit of the measured range. The new combined data are also used to update the results for the first moment of the spin-dependent structure function of the nucleon,
, where ω D = −0.05 ± 0.01 [19] is the correction for the D-state admixture in the deuteron. The first moment is calculated by evolving the values of g d 1 to the common value Q 2 = 3 (GeV/c) 2 . From these values the contribution to the first moment from the measured x range is calculated. In order to evaluate the contributions from the unmeasured regions, an extrapolation from the QCD fit to x = 0 and x = 1 is used. The updated value of the first moment from COMPASS data alone is: The systematic uncertainty is dominated by bin-to-bin correlated uncertainties of P B , P T , f , D and F 2 , while the impact of possible false asymmetries largely cancels in the discussed integral. The contributions from the different x ranges are shown in Table 2 . The contributions from both extrapolation regions are very small and their uncertainties negligible. All presently available experimental information supports the observation that g d 1 vanishes when x decreases down to the lowest accessible values. As can be seen in Fig. 6 , the first moment of g d 1 measured from only the COMPASS deuteron data approaches its asymptotic value already in the experimentally accessible region for Q 2 = 3 (GeV/c) 2 . It can hence be used for physics interpretation without using proton data and without invoking the Bjorken sum rule. The structure function g d 1 as physical observable is factorisation-scheme independent, whereas its representation as convolution(s) of quark, anti-quark, and gluon helicity distributions with respective Wilson coefficient functions [20, 21] involves a possible scheme dependence. In the 'modified minimal subtraction' (MS) factorisation scheme [22] , the first moment of the gluon coefficient function vanishes, and hence the first moment Γ d 1 does not depend on the gluon helicity distribution. This allows for the direct determination of the flavour-singlet axial charge a 0 from the COMPASS Γ d 1 result using only the axial charge a 8 as additional input:
Here, ∆C MS S (Q 2 ) and ∆C MS NS (Q 2 ) are the singlet and non-singlet coefficient functions, which are calculated up to the third order in α S (Q 2 ) in perturbative QCD in Ref. 23 . In the MS factorisation scheme, a 0 is identified with the total quark contribution to the nucleon spin: a 0 MS = ∆Σ = (∆u + ∆ū) + (∆d + ∆d) + (∆s + ∆s). Here, ∆ (−) f is the helicity distribution of flavour-f quarks integrated over the measured x-range.
The integral Γ d 1 is calculated directly using the measured combined COMPASS deuteron data points. The evolution of a given data point to the common value Q 2 = 3 (GeV/c) 2 is obtained as average from the variety of the updated NLO QCD fits along the lines described in Ref. 8 , whereby the range in fit solutions is transformed into an evolution uncertainty for this point. With α s = 0.337 ± 0.012 for Q 2 = 3 (GeV/c) 2 and the corresponding values for ∆C S MS (Q 2 ) and ∆C NS MS (Q 2 ) to O(α s ), together with a 8 = 0.585 ± 0.025 [24] , the flavour-singlet axial charge is obtained as
In the context of the above discussed asymptotic behaviour of Γ d 1 , no additional extrapolation uncertainties occur. The largest contribution to the total uncertainty originates from the uncertainties in the evolution to a common Q 2 , the reason behind being the large uncertainty of the polarised gluon distribution obtained in the fits. This independent result on a 0 is consistent with the value of a 0 obtained from the COMPASS NLO QCD fit [8] of the world data. Note the remarkably good statistical and systematic accuracy of this result obtained from only the COMPASS deuteron data when comparing to the corresponding accuracy of the fit result [8] .
Summary and conclusions
We have presented new results on the longitudinal spin structure function g d 1 from data taken in 2006 and we have combined them with our previously measured ones. All data were taken using the 160 GeV CERN muon beam and a longitudinally polarised 6 LiD target. The results cover the kinematic range 0.004 < x < 0.7 , 1 (GeV/c) 2 < Q 2 < 100 (GeV/c) 2 and W > 4 GeV/c 2 . The double-spin asymmetry is studied in bins of x and Q 2 . The combined results for g d 1 at low x (x < 0.03) improve considerably the precision compared to the only existing result in this region, which originates from SMC, so that g d 1 appears now compatible with zero at the presently lowest accessible values of x. The combined set of data was included in our NLO QCD fit to the g p 1 , g d 1 and g n 1 world data. In addition, a re-evaluation of the Bjorken sum rule was performed using only COMPASS results. Both, for the QCD NLO fit and the Bjorken sum rule, the new values stay compatible with the published ones within statistical uncertainties. Finally, the COMPASS deuteron data alone lead to a determination of the flavour-singlet axial charge a 0 = 0.32 ± 0.02 stat ± 0.04 syst ± 0.05 evol at Q 2 = 3 (GeV/c) 2 from the first moment of g d 1 with negligible extrapolation uncertainty. Together with the results on the proton spin structure function g p 1 [7, 8] , the results for g d 1 constitute the COMPASS legacy on the measurements of g 1 .
A Appendix
The results for A d 1 and g d 1 are given in Tables A.1 and A.2. 
